Background: Peripheral immune system cytokines may play an integral role in the underlying sensitized stress response and alcohol craving during early alcohol withdrawal. To date, the nature of these immune changes during early abstinence have not been examined. Methods: A total of 39 early abstinent, treatment-seeking, alcohol-dependent individuals and 46 socially drinking controls were exposed to three guided imageries: stress, alcohol cue and neutral. These were presented randomly across consecutive days. Plasma measures of tumor necrosis factor alpha (TNFα), tumor necrosis factor receptor 1 (TNFR1), interleukin-6 (IL-6), and interleukin-10 (IL-10), were collected at baseline, immediately after imagery and at various recovery time-points. Ratings of alcohol craving, negative mood and anxiety were also obtained at the same time-points. Results: The alcohol group demonstrated decreased basal IL-10 compared with controls particularly following exposure to alcohol cue. They also showed a dampened TNFα and TNFR1 response to stress and cue, respectively, and a generalized suppression of IL-6. In the alcohol group, these immune system adaptations occurred alongside significant elevations in anxiety, negative mood and alcohol craving. Conclusions: Findings demonstrate that broad immunosuppression is still observed in alcohol-dependent individuals after 3 weeks of abstinence and may be linked to motivation for alcohol.
Introduction
Individual response to stressors are significant factors contributing to relapse during early abstinence from alcohol. In support of this, elevated craving and relapse during the early stages of stable recovery have been characterized by robust chronic dysregulation of core stress systems of the brain and sensitized negative mood and anxiety in the face of challenge (Ericsson et al., 1994; Fox et al., 2007; Gohier et al., 2003; Sinha et al., 2011) . While these bio-behavioral stress systems have proven useful targets for the development of new relapse medications (Fox et al., 2012a (Fox et al., , 2012b (Fox et al., , 2013 (Fox et al., , 2014 Jin, 2011; McKee et al., 2015; Milivojevic et al., 2016) , there remains a pressing need to continue elucidating novel therapeutic targets that may be coupled with these mechanisms and underlie compulsive drinking. In view of this, peripheral immune system signaling may promote motivation for alcohol by directly contributing to salient neurobiological changes and/or by underlying negative mood states associated with elevated stress-related craving and relapse risk (Dantzer et al., 2008) .
Motivation for alcohol and substances is characterized by compulsive drives including sensitization of the core stress systems of the brain, elevated negative affective states (Fox et al., 2007; Litt and Cooney, 1999; Sinha et al., 2009) and inhibitory dyscontrol, often in the face of stressors (Adinoff, 2004; Fox and Sinha, 2009; Koob and Volkow, 2016) . Notably, there is evidence to suggest that immune system adaptations may impinge upon these processes and, as such, provide a critical system for treatment intervention. While a healthy acute response to stress or alcohol is defined by a complex series of self-limiting immune signaling cascades and hypothalamic−pituitary−adrenal (HPA) axis feed forward loops appropriate to the given stimulus (Dunn et al., 2005; Elenkov, 2008; Elenkov and Chrousos, 1999) , repetitive exacerbation of immune system signaling over time, may produce maladaptive, long-term behavioral alterations, via microglial activation (Brites and Fernandes, 2015; Marshall et al., 2013) . Microglia propagate inflammatory responses that originate in the periphery to elicit sickness behavior, including negative mood, decreased social interaction and increased sleep (Dantzer et al., 2008) . While the precise pattern of chronic adaptations is unclear, prior clinical and preclinical evidence has linked disruptions in immunoregulation to factors salient to stress-induced motivation for alcohol, including elevated deleterious mood and functioning of inhibitory processes.
For example, disruption of immunoregulatory mechanisms has been observed in mood-related disorders including depression, where both immune suppression and activation have been documented (Blume et al., 2011; Irwin and Miller, 2007; Raison et al., 2006) . Pathological activation of inflammatory mediators has been associated with similar deleterious mood symptoms in chronically ill patients (Maes et al., 2009; McNally et al., 2008; O'Connor et al., 2009) , and the treatment of both patients (Dunn et al., 2005; Gohier et al., 2003; Valentine et al., 1998) and animals (Bonaccorso et al., 2003; Brebner et al., 2000; Salome et al., 2008; Silverman et al., 2007) where proinflammatory cytokines can produce negative affective moods similar to those associated with the negative reinforcing effects of withdrawal from alcohol (Cooney et al., 1997; Fox et al., 2007; Litt and Cooney, 1999; Sinha et al., 2009; Teichner et al., 2001) . In certain cases, attenuated levels of proinflammatory markers have also been associated with high depressive symptomatology (Haack et al., 1999; Podlipny et al., 2010) , and individuals with mild-to-moderate depression have shown reduced binding of the radiotracer [¹¹C] PBR28, to translocator protein 18 kDa (TSPO; a marker of microglial activation) compared with controls using positron emission tomography (Hannestad et al., 2013) . In support of this, studies from our own laboratory have previously highlighted tonic immunosuppression of both pro-and anti-inflammatory markers to predict elevated hazardous drinking in actively drinking problem drinkers (Milivojevic et al., in press) . Chronic peripheral immune system adaptations may also impinge upon central neural systems that underlie regulatory function, goal-oriented behaviors and impulse control. Again, while the precise mechanisms are not well understood, acute artificially-induced peripheral inflammation has been shown not only to increase deleterious mood, but also to exert adaptations within regions of the prefrontal cortex implicated in inhibitory regulation. These include higher normalized glucose metabolism in the right anterior insula, and, lower levels in the right anterior cingulate (Hannestad et al., 2012; Harrison et al., 2009) . Similarly, inflammation-induced poor mood change has been associated with reduced connectivity of the subgenual anterior cingulate to amygdala, medial prefrontal cortex, and nucleus accumbens (Harrison et al., 2009) .
Compulsive alcohol seeking is a chronic stress state defined by dysregulation of HPA-SAM (sympathetic-adrenal-medullary) system function (Adinoff et al., 1998; Fox et al., 2007; Sinha et al., 2009 Sinha et al., , 2011 , sensitized negative mood and poor regulatory function in the face of stress. As immuno-dysregulation underlies the pathogenesis of chronically elevated depression, negative affect and changes in frontostriatal inhibitory systems, and may be mediated by glucocorticoid sensitivity, we propose that peripheral immune system dysregulation may also represent a salient mechanism for driving compulsive alcohol seeking during early abstinence. This is supported by preclinical studies that have shown neuroimmune receptor signaling to regulate binge drinking in rats (Marshall et al., 2016 ) and ethanol consumption in mice (Agrawal et al., 2011; Blednov et al., 2011 Blednov et al., , 2012 Blednov et al., , 2015 Franklin et al., 2015; Wen et al., 2012) . Despite these findings, few human studies have focused on examining the contribution of peripheral immune system changes in the context of addiction-related behaviors such as alcohol 'wanting', or craving.
We propose to systematically examine changes in peripheral cytokines at baseline and following personalized stress and alcohol cue imagery (a variant stressor) during 3 weeks of abstinence from alcohol in dependent individuals compared with social drinkers (SDs). We predict that compared with controls, alcoholdependent (AD) individuals will demonstrate a sensitized negative mood, anxiety and craving response to both stress and alcohol cue, which will be characterized by dysregulations in peripheral cytokines both at baseline and following stress.
Methods

Participants
A total of 39 treatment-seeking AD individuals and 46 socially drinking controls, participated in the current study. All participants were recruited via advertisements placed either online or in local newspapers and magazines. Current alcohol dependence was determined using the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders IV; SCID IV (First et al., 1997) . All participants were also tested for positive urine toxicology screens upon admission to the Clinical Neuroscience Research Unit (CNRU) for inpatient treatment and research of the Connecticut Mental Health Center (CMHC). Exclusion criteria for AD patients included DSM-IV dependence for any drug other than alcohol or nicotine and any psychiatric illness requiring medication.
All controls were light SDs (25 drinks or fewer per month) as classified by the Cahalan Quantity Frequency Variability Index (Cahalan et al., 1969) and were excluded if they met current or lifetime dependence criteria for alcohol or any other illicit drug. All participants using prescribed medications or failing to meet health requirements were also ineligible. Participants underwent stringent medical assessments that included electrocardiography and laboratory tests of renal, hepatic, pancreatic, hematopoietic and thyroid function to ensure good physical health. While 8 out of the 39 participants in the alcohol group underwent an assisted medical detoxification protocol on the CNRU inpatient unit, they were not permitted into the research component of their stay unless they were medication-free and deemed to be in good health. All dependent individuals were, however, free to continue with treatment regardless of entry into the research component. All participants gave written and verbal consent and the Human Investigation Committee of the Yale University School of Medicine approved the study.
General procedures
AD participants were admitted to the CNRU of the CMHC for 4-5 weeks of inpatient life skills program as well as standard group counseling treatment for alcohol addiction (Mercer and Woody, 1992) and study participation. During the first week of inpatient stay, AD participants were administered structured baseline assessments measuring psychiatric and substance use history.
During week 4 of the inpatient stay, all participants took part in a 3-day laboratory challenge experiment, run across consecutive days, where they were presented with three personalized 5-min imagery conditions, one per day in a randomized and counterbalanced order. Both staff and participants were blind to the presentation order. The three personalized imagery conditions comprised: (i) stress imagery; (ii) alcohol cue imagery (a variant stressor), and (iii) neutral imagery (an intra-individual control condition). Personalized imagery scripts were developed and scripted during week 2 of the inpatient stay, from participants' recent life events (see Sinha et al., 2003 for full details). All scripts were written by a clinician and recorded onto an audiotape to be played in the laboratory sessions.
Socially drinking participants were admitted to the Hospital Research Unit (HRU) of the Yale Clinical Center of Investigation located at Yale/New Haven Hospital for a 3-night stay. During this time, they took part in an identical 3-day laboratory challenge study to that conducted in the AD group. All control participants were required to stay on the unit, within a similar controlled environment to that of the AD participants. This included a similar diet as well as supervised and regulated smoking breaks. Baseline demographics, psychiatric and substance use assessments as well as imagery scripts were prepared prior to their admission to the HRU. Socially drinking controls were also exposed to an alcohol-related script for the alcohol cue condition.
Laboratory sessions
All laboratory sessions were conducted approximately 21 days after admission to allow for normalization of neurobiological changes associated with acute alcohol abstinence. On each testing day, participants abstained from breakfast and were brought into the testing room at 7:45 AM. All participants were allowed an initial smoking break at 7:30 AM in order to reduce the impact of nicotine abstinence effects. After settling into a sitting position on a hospital bed, a heparin-treated catheter was inserted by the research nurse in the antecubital region of the participant's nonpreferred arm, in order to periodically obtain blood samples. A blood pressure cuff was placed on the participant's preferred arm to monitor systolic and diastolic blood pressure and a pulse sensor was placed on the participant's forefinger to obtain a measure of heart rate. This was followed by a 45-min adaptation period during which the participants were instructed to practice relaxation. At 9:00 AM, participants were provided with headphones and given the following instructions for the imagery procedure: "Close your eyes and imagine the situation being described as if it were happening right now. Let your body and mind get completely involved in the situation, doing what you would do in the real situation". The length of each script was approximately 5 min. Heart rate and blood pressure was continuously monitored during the imagery period.
Subjective ratings of alcohol craving and anxiety as well as heart rate, blood pressure and plasma were collected at two baseline timepoints: one, 20 min prior to imagery exposure (−20 timepoint) and one, 5 min prior to imagery exposure (−5 timepoint), immediately following imagery (0 timepoint) and periodically at various recovery timepoints until 1 h post-imagery (+5, +15, +30, +45, +60). The Alcohol Urges Questionnaire (AUQ) was administered at three timepoints only: baseline (−5), immediately following imagery (0) and 5 min post-imagery (+5). After the final assessments, the intravenous line, blood pressure cuff and pulse sensor were removed and breakfast was served.
Laboratory assessments
Plasma cytokine measures: Immediately following collection, tubes were placed on ice. Plasma was subsequently separated by centrifugation at 4°C for 15 min at 1000 × g. Plasma was then aliquoted and stored in polypropylene tubes at −70°C until the time of the assay. Cytokine concentrations were quantitatively determined by enzyme-linked immunosorbent assays using the DuoSet ELISA Development Kit from R&D systems (Minneapolis, MN, USA) as previously described (Stowe et al., 2010) . Assaying of all plasma cytokines was conducted at Microgen Laboratories, La Marque, TX, USA, under the direction of Dr Raymond Stowe.
Subjective measures: Alcohol craving: The desire for using alcohol was assessed using a 10-point visual analog scale (VAS) in which 1 = 'not at all' and 10 = 'extremely high'. The AUQ (Bohn et al., 1995) , which is a reliable and valid 8-item scale commonly used for the repeated assessments of alcohol craving (Drobes and Thomas, 1999) , was also administered at three specific timepoints.
Anxiety and negative mood: Anxiety was assessed using the Anxiety and Fear subscales from the Differential Emotion Scale (DES) (Izard, 1972) . Negative mood was calculated using the Sadness subscale. The DES scale comprises 30 specific emotional adjectives (or items) and participants are required to rate on a five-point scale the extent to which each word describes the way s/he feels at the current time. The subscale Sadness included items such as downhearted, upset, and distressed. The sub-scales of Anxiety and Fear comprised items such as anxious, tense and nervous.
Statistical analysis
The experimental groups were compared with respect to demographics and alcohol use using analysis of variance or Chi-square analysis. Linear mixed effect (LME) models were implemented in order to analyze all data, using SPSS Statistics for Windows (Version 21.0. Armonk, NY: IBM Corp). The between-subjects factor of group (AD) versus SDs and the within-subjects factors of imagery condition (stress, alcohol cue and neutral) and timepoints (varying levels) were the fixed effects. Participants represented the random effect factor. A compound symmetry covariance structure was applied to all analyses. Race, age and smoking status (smoker/non-smoker) were also included as covariates due to group variation and potential impact on the dependent variables. All cytokine data were Log transformed to meet normal distribution assumptions, and any extreme outlying data points with an interquartile range greater than X3 were removed. Bonferroni tests were used as adjustments for multiple comparisons.
Results
Participants: Both the AD group and socially drinking controls were matched for sex and IQ. However, the AD group were significantly older (37.6 years versus 31.7 years) and comprised a greater number of Hispanics (19.6% versus 0%) and regular smokers (89.7% versus 15.6%) (see Table 1 ). As such, secondary analyses were also conducted for all dependent variables using age, race and smoking status as covariates in all LME models.
Subjective measures
Alcohol craving (VAS): A main effect of group, [F 1,390 = 6.9; p = 0.009] indicated significantly higher reported alcohol craving in the AD group compared with the SDs across all conditions and time-points (Figure 1(a) ). As anticipated, a significant main effect of imagery condition, [F 2,517 = 14.4; p < 0.0001] also showed that in both groups, alcohol craving response was significantly higher following exposure to stress (S) compared with neutral (N) imagery (S > N; p = 0.002) and following cue (C) exposure compared with neutral (N) imagery (C > N; p < 0.0001).
A significant group X imagery condition X timepoint interaction, [F 14,1416 = 3.5; p < 0.0001] indicated that higher alcohol craving was reported by the AD group compared with the SD group immediately following stress exposure (0: p < 0.0001), 5 min later (+5: p < 0.02) and 15 min later (+15: p = 0.05). Similarly, the AD group also reported higher craving compared with the SD group immediately following exposure to the alcohol cue imagery (0 timepoint: p < 0.0001), and 5 min later (+5: p < 0.02). In addition, while both groups demonstrated greater alcohol craving immediately after exposure to stress (S) and cue imagery compared with neutral (N) imagery exposure (0 time-point: p < 0.0001, in all cases), this persisted to the +5 time-point in the AD group (+5 time-point: S > N; p = 0.007; C > N; p = 0.001). The addition of covariates had no significant effect on the model. Alcohol craving (AUQ): Following imagery exposure, a significant group X imagery condition interaction was observed, [F 2,672 = 4.5; p = 0.01] showing that the AD group reported significantly higher ratings of alcohol craving in the stress condition compared with the SD group (p = 0.05). The AD group also reported significantly higher alcohol craving in the stress (S) compared with the neutral (N) imagery condition (S > N; p < 0.0001) and the cue (C) compared with the neutral (N) imagery condition (C > N; p < 0.0001). By contrast in the SD group, there was only a trend for higher alcohol craving in AD: alcohol dependent; SD: social drinkers ***p < 0.0001, **p < 0.01. AD > SD at Imagery, +5 and +15 in the stress condition (p < 0.0001); AD > SD at Imagery (p < 0.0001) and +5 (p < 0.02) in the alcohol cue condition.
(b) Alcohol craving (Alcohol Urge Questionnaire -AUQ). AD: alcohol dependent; SD: social drinkers. *p < 0.05, **p < 0.01. AD > SD in the stress condition (p = 0.05); AD > SD at Imagery across all three conditions (p = 0.004). the cue (C) compared with the neutral (N) imagery condition (C > N; p < 0.07) and no significant elevation following stress (S) exposure compared with neutral (N) imagery (S > N, p = ns). A significant Group X timepoint interaction, [F 2,672 = 8.2; p < 0.0001] also showed that the AD group reported higher alcohol craving immediately following exposure to all three imagery conditions (0 timepoint) compared with the control group (p = 0.004; see Figure 1(b) ). The addition of covariates had no significant effect on the model. Anxiety (DES): A significant group X imagery condition interaction [F 2,1922 = 3.5; p = 0.03], from the composite Anxiety and Fear score, also showed that while greater Anxiety and Fear were reported following stress compared with neutral imagery in both groups (p < 0.0001 in both cases) only the AD group reported higher Anxiety and Fear following cue compared with neutral imagery (p = 0.001) (Figure 1(c) ). This anxiety effect of cue-related imagery was not observed in the SDs. The addition of covariates had no significant effect on the model. Negative mood (Sadness, DES): A significant group X imagery condition interaction, [F 2,1922 = 3.8; p = 0.02] from the Sadness score again indicated that while greater sadness was reported in both groups following exposure to stress compared with neutral (N) imagery (p < 0.0001, in both cases), this was only observed following exposure to cue (C) in the AD group (C > N; p = 0.03). Findings were not altered by the addition of covariates into the model.
Cytokine measures
IL-10: A main effect of group [F 1, 77 = 4.8; p = 0.03] indicated that the AD individuals demonstrated a lower IL-10 response to all three imagery conditions compared with socially drinking controls ( Figure 2) . A group X imagery condition interaction [F 2,1042 = 3.1, p < 0.05] further showed that IL-10 attenuation in the AD group compared with controls was greater following exposure to alcohol cue (p = 0.007) and stress (p = 0.07) imagery (trend only). In addition, while the controls responded to the alcohol cue with an increase in IL-10 compared with neutral imagery condition (p = 0.03), this was not observed in the AD group.
When age, race and smoking status were also entered into the model as covariates, smoking status was seen to have an impact on the overall model (p = 0.06), however, a group X imagery condition interaction was maintained [F 2,636 = 4.0; p < 0.02]. Again, this indicated that the controls demonstrated an increased IL-10 response to cue (C) relative to the neutral (N) imagery condition (C > N; p = 0.002), which was not seen in the alcohol group. However, the between-group difference was no longer observed.
Correlation analyses also indicated that IL-10 response was significantly negatively-associated with alcohol craving immediately following exposure to cue-related imagery (r = −0.26; p = 0.05). This indicated that the lower the IL-10 response to cue, the higher the reports of alcohol craving.
TNFα: A significant group X imagery condition interaction [F 2,918 = 5.5; p = 0.004] indicated that an attenuation in TNFα was observed in the AD group compared with the socially drinking controls in the stress imagery condition (p < 0.05) (Figure 3 ). In addition, while the controls showed a trend for higher levels of TNFα following stress exposure compared with cue (p < 0.07) and neutral (p = 0.1) imagery conditions, this was not observed in the alcohol group. All covariates had an insignificant impact on the overall model. TNFR1: A significant group X imagery condition interaction [F 2,1060 = 4.3; p = 0.01] indicated that a TNFR1 elevation was observed in the cue (C) imagery condition compared with the neutral (N) imagery condition in the control group (C > N; p < 0.0001) (Figure 4 ). These increases were not observed in the AD group. After inclusion of covariates, only age was seen to significantly affect the model (p = 0.02). However, a group X imagery condition interaction [F 2,1038 = 4.8, p = 0.008] was still observed indicating an increased TNFR1 response to cue compared with neutral imagery in the control group (p < 0.0001), but not in the AD group.
Correlation analyses also indicted that TNFR1 response was significantly negatively-associated with alcohol craving immediately following exposure to cue-related imagery (r = −0.32, p < 0.03). This indicates that the lower the TNFR1 response to cue, the higher the reported alcohol craving response. IL-6: A significant group X timepoint interaction [F 7,940 = 3.3; p = 0.002] indicated that the AD group demonstrated a dampened IL-6 response compared with the control group following exposure to all three imagery conditions ( Figure 5 ). Group variation in IL-6 was seen specifically 5 min (AD < SD; p = 0.08, trend), 15 min (AD < SD; p = 0.03) and 30 min (AD < SD; p < 0.03) following all three imageries. Following the addition of covariates into the model, only age was seen to have a significant impact on the overall model. Although, a significant group X timepoint interaction [F 7,899 = 3.3; p = 0.002] was still observed.
As no group variation in IL-6 was observed with regard to the imagery conditions, an exploratory analysis was conducted examining response to baseline, peak, and initial recovery timepoint only, to see whether the peak or immediate IL-6 response better demonstrated any potential effects of imagery manipulation. Findings showed a group X imagery condition [F 2,423 = 3.3; p < 0.04] where the control group demonstrated an elevation in IL-6 immediately following stress imagery exposure compared with the neutral condition. This was not observed in the AD group.
Discussion
In the current study we used a well-validated and reliable laboratory paradigm to model stress-induced alcohol craving in a group of early abstinent AD individuals compared with a group of socially drinking controls. Broadly, findings indicated that during elevations in stress-induced and cue-induced craving, anxiety and negative mood, the alcohol group demonstrated a dampened concomitant response in peripheral cytokines compared with controls. While socially drinking controls demonstrated a relative activation of IL-10 and TNFR1 following exposure to alcohol cue as well as activation of IL-6 and a trend in TNFα and IL-10 elevations following stress, this was not observed in the AD group.
Specifically, levels of anti-inflammatory cytokine IL-10 were shown to be lower overall in the alcohol group compared with the controls, both at baseline and following exposure to all three imagery conditions. Moreover, the attenuated response was significantly more robust following exposure to alcohol cue. While cue-related IL-10 attenuation was maintained after controlling for smoking status, the extent of overall dampening was not as robust. IL-10 is typically classified as a T-helper lymphocyte type 2 (Th2) cytokine responsible for humoral immunity, and a key communicator between immune and endocrine interactions (Asadullah et al., 2003) . High secretion of IL-10 following partial activation of microglia following binge drinking has also been postulated to demonstrate the reparative role of microglia (Marshall et al., 2013) . Interestingly, recent studies have also indicated attenuated basal levels of IL-10 in both early abstinent (Fox et al., 2012b) and actively using (Moreira et al., 2016) cocaine-dependent individuals. Moreover, following 3 weeks of cocaine abstinence, a dampened IL-10 response was similarly observed following cocaine cue imagery compared with controls and concomitant to elevations in cocaine craving (Fox et al., 2012b) .
A significant dampening in the soluble receptor TNFR1 (an indicator of pro-inflammation) and TNFα was also observed in the alcohol group compared with controls following exposure to alcohol cue and stress cue, respectively. However, it is important to note that these cue-related decreases may have been driven in part by adaptations in tonic levels due to a lack of significant timepoint interactions. Findings corroborate studies that have shown acute ethanol to reduce the expression of TNFα receptors on human interferon gamma macrophages (Bermudez et al., 1991) and down-regulate TNFα response to lipopolysaccharide (LPS) and interferon (Verma et al., 1993) . Dampened LPSstimulated release of TNFα from alveolar microphages has also been observed in chronic drinkers both with (Wallaert et al., 1991) and without (Omidvari et al., 1998) liver disease compared with non-drinking controls.
A phasic suppression of the pro-inflammatory marker IL-6 was also shown directly in response to all three imagery conditions; no group variation was observed at baseline. Extended analysis indicated that IL-6 suppression was most robust immediately following exposure to the stress imagery. This suppression was again maintained after controlling for covariates. Additionally, our findings also corroborate studies that have assessed the effects of alcohol on stress-induced levels of IL-6. Injured trauma patients with a positive blood alcohol content (BAC) have been shown to demonstrate lower levels of IL-6 than those with no BAC (Relja et al., 2016) , and alcohol following heavy resistance exercise has also been shown to decrease the high levels of IL-6 induced by exercise (Levitt et al., 2015) .
Despite some corroboration with prior alcohol research, the exact pattern of cytokine adaptations during early withdrawal remain highly ambiguous for several reasons. First, prior research shows considerable variation in experimental paradigms. For example, human studies assessing the pattern of TNFα and IL-6 produced following LPS/interferon stimulation from AD individuals, have shown substantial variation as a function of alcohol consumption status and type of hepatic damage. The two studies by Laso and colleagues demonstrated that AD individuals in withdrawal, who also had liver cirrhosis, showed no changes in TNFα and IL-6 production from peripheral blood monocytes (Laso et al., 2007b) or from decreased circulating dendritic cells (Laso et al., 2007a) . Notably, attenuated levels of circulating cytokines were seen only in AD individuals with cirrhosis who were still actively drinking (Laso et al., 2007a; 2007b) . Second, the pleiotropic nature of cytokines also means that they are produced by many cells which display varied and often overlapping specificity (Dinarello, 2000) . For example, in addition to proinflammatory properties, IL-6 also down-regulates TNFα and IL-1 synthesis and the production of TNFα and IL-1 antagonists (Tilg and Wedemeyer, 2014) . Similarly, while endogenous soluble TNFR1 (sTNFR1) increases in response to TNF-mediated inflammation, its exact role remains unclear (Luna et al., 2013) . IL-10 is also robustly produced by regulatory cells in addition to anti-inflammatory Th2 cells (Kidd, 2003; Moser and Murphy, 2000) .
Due to these complexities, Pentón-Rol et al. (2009) suggest that ascertaining effector-regulator equilibrium may be a more meaningful assessment of immune function than Th1/Th2 balance. With this in mind, the current reduced levels of both IL-10 and TNFα measures in response to stressors, may therefore demonstrate an overall effector-regulator imbalance representing an extremely complex imbalance of cytokines and their feed forward loops and regulator mechanisms. One explanation may be that the attenuated levels of the specific pro-and anti-inflammatory cytokines in the current study are the result of chronic alcohol-related and stressrelated pro-inflammatory, and hence anti-inflammatory, activation. Across time, chronic and repeated over-activity of stress and immune system mediators may produce immuno-suppressive effects (McEwen and Seeman, 1999) which reflect the magnitude of dysregulation. In terms of clinical utility, circulating cytokines may therefore reflect drinking severity and hence greater allostatic load typically associated with stress system sensitivity underlying the negative reinforcing effects of alcohol during early withdrawal.
Some support for this is shown in the current study where alcohol cue-related suppressions in both pro-inflammatory marker, TNFR1 and anti-inflammatory cytokine, IL-10 each showed modest significant negative correlations with corresponding elevations in alcohol craving. Findings from our recent study of problem drinkers have additionally shown immune suppression to predict craving, severity of problem use and alcohol consumption (Milivojevic in press) . Marcos et al., (2008) also demonstrated a significant association between the −592C/A polymorphism of IL-10 and alcoholism, with an excess of allele A carriers being observed in AD individuals (Crawley et al., 1999) . In addition, as outlined in the introduction, disruption of immuno-regulatory mechanisms has been shown to underpin chronic deleterious mood and inhibitory function, similar to that associated with stress-induced motivation in many drugs of abuse. Taken together, peripheral immune system cytokines may play a potentially important diagnostic role in alcohol abuse (Achur et al., 2010) .
Interpretation of the study findings should be viewed in light of certain methodological limitations. First, interpretation is restricted by the fact that the control group did not represent a population of regular smokers. Although efforts were made to account for nicotine withdrawal and smoking status, findings may still partially reflect nicotine-induced immune adaptations. With regard to this, attenuated tonic levels of IL-10 were less robust in the alcohol group following the addition of covariates to the statistical model. Second, it remains unclear whether the observed adaptations relate to aspects of alcohol consumption per se or to the affective and bio-physiological changes related to repeated withdrawals, or both. Third, although both groups were statistically matched for number of men and women in the present study, findings may still be diminished due to potentially incongruent sex-specific differences. Given sex-related differences in hypothalamic-pituitary-gonadal (HPG) function observed during early abstinence from alcohol and drugs, there is a need to more thoroughly examine sex differences in a larger sample of male and female AD individuals. Fourth, while dampening of both stressinduced TNFα levels and IL-6 levels following exposure to all imagery conditions, occurred alongside increases in negative mood, anxiety and alcohol craving, no significant correlation was observed. One of the reasons for this may be related to the fact that the visual analog self-report measure of craving in this study did not fully capture biological adaptations to stress, which may also occur at slightly separate time frames. While further research is required to fully establish the precise immune mechanisms underlying stress-related craving, this study clearly highlights impairment of immune system effectorregulator mechanisms during a stress-induced craving state, compared with controls. Given the potential role of peripheral cytokines in affective and regulatory processes that underpin compulsive drinking, further research is encouraged to more fully explore the nature of immune system adaptations across a more protracted withdrawal period and in phenotypically varied sub-populations of drinkers.
